Air flow formation in the inlet of a closed circuit boundary layer wind tunnel using the one-set guide vanes solution Formowanie przepływu powietrza na wlocie tunelu aerodynamicznego z warstwą przyścienną o obiegu zamkniętym z użyciem jednostopniowego układu kierownic Abstract The paper presents tests of wind velocity distribution at the inlet to the working section of a wind tunnel. Unconventional guide vanes were introduced in the construction of the wind tunnel to obtain a uniform air flow in this area.
Introduction
Wind tunnels are commonly used in civil engineering to simulate natural conditions at a model scale [1] . The range of phenomena which can be tested there is broad. Types of investigations include: aerodynamics of structures and buildings, wind characteristics in a boundary layer, wind energy, pedestrian wind comfort and simulation of pollution dispersion.
The wind tunnel at the Cracow University of Technology is an example of such a tunnel. It has a mixed air circulation, open or closed. The basic dimensions of the working section of the wind tunnel are: width 2.20 m, height from 1.40 m at the inflow to 1.60 m at the end of the measurement space, length 10 m (Fig. 1) . Four characteristic segments, each of 2.5 m length can be distinguished in the working section. The paper contains detailed tests of the redesign of the existing inlet to the working section. Elements forming an air flow in this part of the wind tunnel had been changed, so it was necessary to test this new configuration. In the previous solution diagonal, openwork shield, whose aim was to reduce undesirable vortexes, was applied (Fig. 2a) . It had too slight an influence on the formation of uniform air flow, so this solution required improvement. Therefore unconventional guide vanes were introduced in the construction of the wind tunnel to obtain a uniform air flow at the inlet area of the working section (Fig. 2b) . The set consists of 10 guide vanes of the same cross-section. The design of this solution is not the subject of this paper.
New elements in the wind tunnel demanded tests, so investigations were conducted for different arrangements of guide vanes. The final choice was the one which leads to a uniform flow at the inlet section. Trial and error was used to find the optimal arrangement of the guide vanes angles.
Inlet guide vane arrangement in the wind tunnel
The movement of air in the wind tunnel is caused by an axial fan which sucks it. Air goes back through the return channel and is then directed into the area of the working section by the guide vanes. It goes through a beehive frame, a stabilizing chamber and a confusor. Then -in the beginning of the working section -the mean velocity profile and the turbulence intensity profile characteristic for a specific terrain category are formed. Terrain categories reflect type of the terrain roughness and are defined according to specific standards [e.g. 2, 3] or by different authors [4] .
To imitate real wind behaviour in a specific terrain roughness, respective turbulence elements (barriers, spires, blocks) are used. To execute this properly, it is necessary to obtain uniform distribution of wind flow at the starting point of the working section. Mean wind velocity at every point of the cross-section at the inlet to the wind tunnel should be the same. Hence, the essential thing is to direct the air stream in the right way. The key point is the proper arrangement of vanes. So, the main aim of these measurements was to establish uniform air flow distribution at the inlet section of the wind tunnel.
The solution of using guide vanes to direct air flow into the working section is not common in wind tunnels. There is little information concerning the influence of guide vanes arrangement on the distribution of the mean wind velocity [5] , but these cannot be directly used in our case because of the specifics of the wind tunnel construction.
Problems of design optimization for wind tunnels have been discussed in many papers: from contraction design [6] [7] [8] to wind tunnel shape modification and CFD modelling of the air flow [9] [10] [11] . Particularly, wind tunnel configuration with respect to the blockage effect is considered in [12] [13] [14] .
The solution presented in this paper is not commonly used in closed circuit wind tunnels. A typical construction is based on a few sets of guide vanes which direct the air flow (Fig. 3a) . In the Wind Engineering Laboratory at the Cracow University of Technology only one set of guide vanes was applied, which is a new approach in this field (Fig. 3b) .
Even though the construction of wind tunnels is discussed in many papers, the need to develop in this area still exists. This paper can provide a new method of forming uniform wind flow in a closed-circuit wind tunnel by using a special arrangement of guide vanes. Due to the lack of data concerning this solution, a wide range of experiments was conducted to select the suitable option for proper guide vanes arrangement.
Experimental setup
Taking into consideration the set of different configurations, the angles of the guide vanes were changed in each experiment. Air stream velocities were measured at the inlet section of the wind tunnel at a set of measurement points. The purpose of this test was to obtain a uniform velocity distribution at the final configuration. Guide vane angles were measured in the manner illustrated in Fig. 2c .
The measurements were made using a system of pressure electronic scanners of parallel type allowing simultaneous measurements at 64 points. The scanner is built on the base of Motorola MPX2010 piezoresistive pressure sensors. The registration of the wind velocity pressure (dynamic) was made at taps regularly distributed at the inlet to the wind tunnel, at the inlet to the working section and in the working section (Fig. 4) . The measured data were converted into the form of the mean wind velocity using the relationship:
(1) where: q -dynamic pressure, ρ -air density; V -mean wind velocity. The tests were performed in the following conditions: period of signal sampling: 30 s, frequency of signal sampling: 200 Hz, number of time steps in sampling signal: 6000.
The mean wind velocity during experiments was set as equal to about 15 m/s with use of ATU2001 thermo-anemometers cooperating with a National Instruments NI-USB 6009 multifunction data acquisition system. This velocity was measured in the area of the wind tunnel working section.
Measurements at the inlet to the wind tunnel
The wind velocity was measured at 25 taps situated regularly from 50 cm above the floor at the inlet to the wind tunnel, every 40 cm vertically and 80 cm horizontally. The distribution of the measurement points is presented in Fig. 5 . Taps were localized in the section of beehive frame (comp. Fig. 1, Fig. 4) . 
Measurements at the inlet to the working section
The mean wind velocity was measured at 42 taps situated regularly from 10 cm above the floor in the working section, every 20 cm vertically and 30 cm horizontally. The distribution of the measurement points at the inlet to the working section is presented in Fig. 6 . Taps were localized in the section between the confusor and the working section (comp. Fig. 1, Fig. 4 ).
Measurements in the working section
The third series of tests were carried out in the fourth segment of the working section where models are situated during wind tunnel tests. The mean wind velocity was measured at 42 points situated regularly in the cross-section as in case 3.2. No turbulence elements (spires, barriers, blocks) were used in simulation of terrain roughness.
Results of experiments
In the further analysis, the situation before modification of the wind tunnel (without guide vanes) is called the initial state. In this case, there were no elements at the inlet section to the wind tunnel which could configure the direction of the air stream. The final state means the situation obtained after installing the guide vanes and its proper arrangement achieved by trial and error, when wind velocity distribution at the inlet section to the wind tunnel is uniform.
At first, the comparison of the mean wind velocity distributions in these two states -initial and final -is presented.
Measurements at the inlet to the wind tunnel
The distribution of the mean wind velocity at initial and final state at the inlet to the wind tunnel is presented in Figs 7, 8 respectively. Results of the measurements are presented by two-dimensional distribution (a) and by values of the mean wind velocities in the measurement points (b). The final guide vanes arrangement is presented in Fig.9 . Angles of guide vanes inclination are designated on the left side of the guide vanes, while the guide vanes numbers are presented on the right. Distribution of the mean wind velocity at the final state at the inlet to the wind tunnel in the view of the whole tunnel space is also shown (Fig. 8 c) . Mean wind velocity distribution at the inlet area to the wind tunnel in the initial situation ( Fig. 7) was not uniform. Velocities in the lower part of the measurement area were significantly higher than in the upper. This was a very undesirable situation and therefore changes aiming to improve it had to be made. After installing a set of guide vanes and their proper arrangement a uniform distribution of mean wind velocity can be observed (Fig. 8 ).
Measurements at the inlet to the working section
The distribution of the mean wind velocity in the initial and final states at the inlet to the working section is presented in Figs 10, 11 respectively. As before, two-dimensional distribution and values of the mean wind velocity in each measurement point are presented. Similarly to case 4.1, a significant difference between the distribution of the mean wind velocity before and after installing the set of guide vanes can be observed. We were able to achieve a uniform distribution, as can be seen in Fig.11 . It must be pointed out that mean velocities in this case are higher than those measured at the inlet to the wind tunnel. The air stream flows through the confusor on its way from the inlet to the wind tunnel to the inlet to the working section. The confusor increases wind velocity and improves the uniformity of its distribution in the cross-section. Fig.12 presents results of the mean wind velocity distribution in 4 th segment of the working section of the wind tunnel in the final state in the form of two-dimensional distribution (a) and velocity values in the measurement points (b). Additionally, a two-dimensional distribution of the mean wind velocity in two cross-sections of the wind tunnel space (inlet to the working section, 4 th segment of the working section) is also presented in Fig.12c . The results show clearly that in the area where wind tunnel tests were carried out, the distribution of the mean wind velocity is uniform. Such situation takes place only in the case without turbulence elements. A simulation of e.g. urban terrain categories by using spires, barriers or blocks would provide a significantly different distribution of mean wind velocities in the working section of the wind tunnel to the presented results. 
Measurements in the working section

Selected cases of the guide vanes settings
In this section some measurement results which finally led to the proper guide vane arrangement and the uniform mean velocity distribution are presented. They were chosen to show the influence of guide vane angle of inclination on this distribution. Only the results of the measurements carried out at the inlet to the wind tunnel are presented.
Six measurement situations discussed further are summarized in Tab.1. Specific guide vane arrangement are assigned to the case (I-VI). Each of the guide vanes (1-10) has its own angle of inclination. Results of the measurements in the form as before -2D distribution of the mean wind velocity, the mean wind velocity values in particular points in the cross-section at the inlet to the wind tunnel and guide vanes configuration corresponding to the specific case are shown in Figs 13-18 .
Case I
In the case I, high mean wind velocities (6-8 m/s) at the bottom and low (2-4 m/s) at the top of the measurement area can be observed. It was considered whether the 10 th guide vane may block air flow in the higher part, which could cause a decrease in velocity. Due to this fact it was decided to increase the inclination of 10 th guide vane. 
Case II
Inclination of 10 th guide vane was increased while the angle of other guide vanes were as in Case I (Fig. 14) . In this situation an increase in mean wind velocities at the top of the measurement area in comparison to Case I can be observed. It can be deduced that the change of the inclination angle of the guide vane enabled flow of the air stream into the inlet area. The inner side of the 10 th guide vane directed it into the top part of the inlet to the wind tunnel.
The influence of the change of each guide vane angle on the mean wind velocity distribution was also investigated during wind tunnel tests. Investigations were carried out in the following way: the angle of only one guide vane was changed while other guide vanes were in configuration as in case I. It should be noted that the change of the angle of one guide vane has a negligible influence on velocity distribution at the inlet space to the wind tunnel. However, the results of these cases are not presented in this paper. 
Case III
The inclinations of guide vanes 1-9 were increased while the angle of the 10 th guide vane was as in Case II (Fig. 15) . The significant change in guide vanes inclination angles caused improvement of the uniformity of the mean wind velocity distribution. Only at the top part of the inlet area on the left and the right side are the velocities lower (2-4 m/s).
The reason could be quite obvious -the inlet area of the wind tunnel is not built over on the left and right side (comp. Fig. 4) . The air can inflow to this empty space if it is not properly directed into the space of the wind tunnel. Due to this fact it was decided to use temporary partition foils aimed at limiting the area of air flow. 
Case IV
The inclination angles of guide vanes 3-10 were increased. Additionally, temporary partition foils were used over the height of the guide vanes set, starting from 0.5 m above floor level. These partition foils are marked in Fig. 16(c) as a dashed area.
These changes made an improvement in the uniformity of the mean wind velocity distribution. Regions of low wind velocity do not appear on both sides of the inlet area. There is only a slight difference in the velocities in the corners of the tested cross-section. 
Case V
In this arrangement inclination angles of upper guide vanes (6-10) and lower guide vanes (1-2) (Fig. 17) were decreased.
The improvement in the results in this case can be observed. The mean wind velocity in the corners of the wind tunnel inlet area is higher than in Case IV. Only the value in the left bottom corner is still slightly different to that in other measurement points. 
Case VI
The inclination angles of the lower guide vanes (1-2) were increased (as in Case IV) (Fig. 18) . The improvement in uniformity of the mean wind velocity distribution was achieved by an increase in the inclination angles of the lower guide vanes and a decrease in the inclination angles of the upper guide vanes (in comparison to Case IV).
It should be highlighted that the upper guide vanes influence the mean velocity distribution at the top level of the wind tunnel inlet area as well as at the bottom level, because the air stream is directed by their inner and outer sides in different ways.
The results presented in Case VI were obtained for the situation using partition foils. It was only a temporary solution which was used to determine the best guide vane arrangement. The results of the mean wind velocity distribution in the wind tunnel inlet area for this guide vanes arrangement but without foils was presented in Fig. 8 . 
Conclusions
The optimum setting of the guide vanes (Case VI) was applied as the final solution, but without the partition foils. In this arrangement both sides of the guide vanes -inner and outer -take part in directing the air stream into the inlet area of the wind tunnel. This setting leads to obtaining a uniform mean wind velocity distribution, which was the aim of these tests.
Experiments show that one set of guide vanes is a good solution for obtaining a uniform distribution of the wind velocity at the inlet to the wind tunnel. Especially, it is very useful solution for tunnels where there is insufficient space to apply other types of constructions. The specific arrangement of guide vanes provides uniform wind flow in its inlet section. Then wind conditions can be modified optionally in the working section.
